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Summary
Background: The habenula consists of an evolutionarily
conserved set of nuclei that control neuromodulator release.
In lower vertebrates, the dorsal habenula receives innervation
from sensory regions, but the significance of this is unclear.
Here, we address the role of the habenula in olfaction by imag-
ing neural activity in larval zebrafish expressing GCaMP3
throughout the habenula and by carrying out behavioral
assays.
Results: Activity in several hundred neurons throughout the
habenula was recorded using wide-field fluorescence micro-
scopy, fast focusing, and deconvolution. This enabled the
creation of 4D maps of odor-evoked activity. Odors activated
the habenula in two broad spatiotemporal patterns. Increasing
concentrations of a putative social cue (a bile salt) evoked a
corresponding increase in neuronal activity in the right dorsal
habenula. In behavioral assays, fish were attracted to interme-
diate concentration of this cue but avoided higher concentra-
tion. Increasing cholinergic activity through nicotine exposure
rendered the intermediate concentration aversive in a habe-
nula-dependent manner. Pharmacologically blocking nicotinic
receptors or lesioning the right dorsal habenula attenuated
avoidance.
Conclusions: These data provide physiological and functional
evidence that the habenula functions as a higher center in
zebrafish olfaction and suggest that activity in the right dorsal
subdomain gates innate attraction to specific odors.Introduction
Selecting an appropriate response to a potentially rewarding
or threatening stimulus is critical for survival. The habenula
plays a central role in making such value-based decisions by
controlling the release of neuromodulators [1, 2]. It consists
of two domains, termed the medial habenula (MHb) and the7Co-first author
*Correspondence: sureshjj@imcb.a-star.edu.sglateral habenula (LHb) in mammals or the dorsal habenula
(dHb) and the ventral habenula (vHb) in lower vertebrates
[3, 4]. The absence of reward, or unexpected punishment,
depolarizes neurons in the LHb and consequently inhibits a
population of dopaminergic neurons. In response to reward,
either positive or negative, the LHb activates serotonergic neu-
rons in the dorsal raphe [2, 5]. The LHb, which receives input
from the basal ganglia, has thus been implicated in reward-
error prediction, motor action control, and motivation [2, 6, 7].
The MHb consists of two subdomains: ventral (vMHb) and
dorsal (dMHb) in mammals or medial (dHbM) and lateral
(dHbL) in fish [8–10]. These subdomains comprise two parallel
pathways; they receive distinct inputs [10, 11], project to
different regions of the interpeduncular nucleus (IPN)
[2, 5, 8], and express distinct sets of neurotransmitters [2, 6,
7, 9]. The vMHb of mammals and the dHbM of larval zebrafish
are cholinergic [10, 12], and strong activity in this circuit in
mammals, as a result of exposure to nicotine, results in aver-
sion [9, 13, 14].
Although the cholinergic habenula-IPN pathway is well
studied for its role in addiction, little is known about its natural
function. In teleosts [15–17] and lamprey [18], the dHb receives
innervation from mitral cells of the olfactory bulb. In zebrafish,
the projection terminates specifically in the right dHbM [19] and
is derived primarily from mitral cells in the mediodorsal olfac-
tory bulb [17], implying a role for the cholinergic pathway in
specific aspects of olfaction. To identify this role, we first
used calcium imaging to characterize habenula response to
an odor that activates the mediodorsal olfactory bulb. We
then examined how manipulating activity in the dHbM-IPN
circuit affected an odor-evoked behavior. Our findings estab-
lish that the zebrafish dHb is a higher olfactory center that
modulates motivated behaviors.
Results
Wide-Field Microscopy Allows the Detection of Calcium
Rise in Single Neurons In Vivo
A transgenic line in which the calcium indicator GCaMP3 [20] is
broadly expressed in the habenula (Figure 1A) was used.
Habenula neurons have a roughly circular profile. This is high-
lighted by cytoplasmic GCaMP3, allowing individual cells to be
visualized with wide-field fluorescence microscopy. We first
defined imaging parameters that would enable all active cells
to be detected. When imaged at 3 mm steps, the entire habe-
nula could be covered in 500–600 ms. Each cell was repre-
sented in at least two consecutive focal planes, suggesting
that all labeled cells were captured. Individual cells could be
identified in raw images, although a haze from out-of-focus
signals was visible (Figure 1B). Deconvolution led to a reduc-
tion in out-of-focus signals (Figure 1C), even when the z steps
were suboptimal (Figure 1D). In deconvolved images, changes
in fluorescence of individual cells could be detected, signals
appeared less noisy (Figures 1I and 1J), and cells could be
visualized throughout the habenula (Figures S1A–S1C avail-
able online). Ratio images (F/F0) and analysis of fluorescence
change over time indicated that cells could be distinguished,
in both horizontal and vertical axes (Figures 1E–1H). This
was not the case when the entire cell (cytoplasm and nucleus)
Figure 1. Imaging Neural Activity in the Habenula
with Wide-Field Microscopy
(A) A fish with GCaMP3 expression in the habe-
nula (Hb) under the control of the Et(GAL4s1011t)
driver. Olfactory sensory neurons that innervate
the olfactory bulb (OB) are labeled in red using
the Et(SqKR15-3a) line.
(B) A raw image of the habenula obtained with
wide-field microscopy.
(C andD) A deconvolved image of the same plane,
following imaging of a stack at the optimal 0.6 mm
step size (C) and using only planes separated by
3 mm (D).
(E) A ratio image (F/F0) showing intensity at a
time point relative to the average intensity of
each pixel across the time series. Each cell
is distinct. The arrowhead indicates a single
cell with a 2.5-fold increase in fluorescence,
surrounded by cells with less or no increase
in fluorescence. The color bar shows the
lookup table used, which ranges from a ratio of
0 to 2.5.
(F and G) A transverse section through the
stack in (E), at the region indicated by the
cross, spanning 20 planes. Two time points, 1 s
apart, are shown. The white arrowheads in-
dicate cells whose fluorescence increases,
whereas the arrow indicates a cell whose fluo-
rescence decreases. Vertically adjacent cells
can have different colors, indicating different F/
F0 values.
(H) Minimum to maximum (min-max) normalized
raw intensity from two vertically adjacent cells.
The traces have some similarity but follow inde-
pendent trajectories.
(I and J) Min-max normalized raw intensity change over time for a single cell before (I) and after (J) deconvolution.
(K) A single focal plane 25 mm from the dorsal surface of the habenula, imaged at 33 Hz.
(L) Traces (DF/F) of fluorescence intensity in different regions of interest (ROIs) asmarked in (K). GCDAwas delivered for 10 s, marked by the vertical dashed
black lines. The horizontal black lines represent DF/F = 0. Arrowheads indicate examples of odor-evoked activity.
(M) Normalized PSD of raw fluorescence from all identified cells in (K). Grey lines represent PSDs for individual cells. The thick black line indicatesmean PSD.
A, anterior; P, posterior; D, dorsal; V, ventral; Hb, habenula; lHb, left habenula; rHb, right habenula; OB, olfactory bulb; OE, olfactory epithelium. Scale bars
represent 50 mm in (A) and 20 mm in (B)–(G) and (K). All images are dorsal views except (F) and (G), which are made from 20 optical planes. See Figure S1.
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1168was uniformly fluorescent, which occurred when we used
R-GECO [21] as the calcium indicator. Here, deep cells could
not be resolved with 3 mm steps but required finer sampling,
indicating that wide-field imaging in this manner requires the
use of an indicator with spatially restricted labeling.
We assessed the minimum rate at which stacks need to be
captured, such that active cells could be detected throughout
the habenula. First, we imaged a single focal plane at 10
frames/s (Hz) in the absence of external stimuli. Spontaneous
activity could be detected throughout the habenula. The half-
rise time for different local peaks from 52 cells with sponta-
neous activity (defined as the time taken for the Z scores to
rise from 10% to 60% of each cell’s peak amplitude) was
612.3 ms (95% confidence interval [95% CI] [527.8, 696.8]).
The mean decay time of GCaMP3 fluorescence is 610 ms
[20]. The slow rate of these two processes indicated that imag-
ing at a rate of 1 stack/s was sufficient to identify active
neurons. Second, we defined the lowest sampling rate needed
to reliably detect evoked calcium signals. When a single plane
was imaged at 33 Hz and the fish was exposed to 10 s of an
odor, evoked activity (using the criterion of 2-fold greater
than SD to define significance) was detected in a subset of
neurons in the habenula (Figures 1K and 1L). Figure 1M shows
the normalized power spectral density (PSD) of signals
obtained from all segmented cells in this plane. Most of the
spectral energy was contained within 0.5 Hz, i.e., half thesampling rate of 1 Hz (relative power within 0.5 Hz = 94.1%).
Together, these results show that wide-field imaging at 1 Hz
can be used to identify most active GCaMP3-labeled cells in
the entire habenula.
Bile-Salt-Evoked Activity Is Asymmetric in the dHb,
Bilateral in the vHb, and Concentration Dependent
The bile salt glychochenodeoxycholic acid (GCDA) activates
the mediodorsal bulb [22]. A 10 s exposure to 1 mM GCDA
produced broad habenula activation, confirming that it is
odor responsive (Figure 2A). To enable analysis of the activity,
we established a procedure for cell segmentation that ensures
that each cell is represented only once (Figures S1D–S1H).
This was used to create 3D maps of odor-evoked activity in
the habenula (Figure 2B).
Evoked responses showed a lateral asymmetry that was
reproducible across repeated presentations and different
animals. In the right habenula, 30.4% (95% CI [25.9%,
34.8%]) of the labeled cells showed large transients, and
responding cells were broadly distributed. In the left habenula,
only 8.3% (95% CI [4.4%, 12.2%]) of cells were activated by
odor, and the great majority (85.7%) were located in the
ventrolateral regions (n = 5 fish; Figures 2C–2E). This location
corresponds to vHb, the zebrafish homolog of the mammalian
LHb [3], and can be distinguished from the dHb spatially on the
basis of neuropil positions. Following odor onset, Z scores of
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from cells in the left dorsal habenula (p = 6.3 3 1026, Kolmo-
gorov-Smirnov test), whereas the ventral responses of left
and right habenulae were similar (p = 0.36, Kolmogorov-Smir-
nov test). Hence, GCDA-evoked responses are not stochastic:
the bile salt activates the dHb asymmetrically and the vHb
bilaterally.
Next, we examined whether repeated deliveries of an odor
produce similar calcium transients. One fish was exposed to
four repetitions of 1 mM GCDA. Calcium responses in some
cells to repeated exposures ofGCDAwere similar (Figure S2D).
To characterize this response at the population level, we used
principal-component analysis (PCA) to visualize the evoked
ensemble dynamics. Figure S2E shows the trajectories repre-
senting the evolution of the population response to the four
trials projected onto the space of the first two principal com-
ponents. The trajectories were similar to each other in area,
direction, and shape (a counterclockwise triangle) but had
some variability, as has been noted in other higher centers
[23]. Therefore, repeated stimuli were represented in a similar
fashion in the population.
Increasing the concentration of GCDA increased the number
of active neurons (Figure 2F). This was accompanied by higher
levels of fluorescence, implying an increase in firing rate (Fig-
ure 2F). A smaller subset of neurons showed a decrease in
fluorescence (Z score < 22) following odor onset, indicating
inhibition of firing. These interpretations of fluorescence
change were supported by temporal deconvolution of 33 Hz
recordings (Figures 2G and 2G0). The spatiotemporal pattern
of activity also varied with concentration. The 0.1 mM GCDA-
evoked activity in the vHb occurred on an average of 4.4 s
(95% CI [3.1 s, 5.7 s]; n = 3 fish) after the dHb activity (Fig-
ure 2H). The same pattern was detected when stacks were
collected in the opposite order, i.e., focusing from deep to
shallow focal plane, indicating that this is not due to a temporal
delay in stack collection. However, a delay of a similar duration
was absent in responses to high concentrations of GCDA (Fig-
ures 2I and 2J), although we are unable to rule out shorter
delays that cannot be detected due to the interval between
planes. Figure 2K shows the trajectories of the population
response for different concentrations, projected onto the first
three principal components, which accounted for 92.8% of the
total variance. The trajectories for each odor trial began at
similar position but separated following odor exposure. Over-
all, higher concentrations of GCDA led to an increase in the
number of active cells (Figure 2L), a decrease in the number
of inhibited cells (Figure 2M), faster onset of firing in vHb cells
(Figure 2N), and greater activity, as indicated by duration of
fluorescence increase and Z score (Figures 2O and 2P). This
effect of concentration on activity was seen as concentration
was raised to even higher levels (Figures S2F and S2G). Hence,
information on odor concentration, across a broad range, is
represented in the habenula.
Habenula Activity Evoked by Different Odors
Because mitral cells from other regions of the olfactory bulb
only innervate dHbM sparsely [17], we examined whether
odors that activate other regions of the olfactory bulb evoke
any activity in the dHb. We used a mixture of L-lysine and
L-alanine (amino acid [AA] mix) that activates the ventrolateral
bulb. Unlike GCDA, the AA mix activated the vHb first and the
dHb later (Figure 3A). There was a concentration-dependent
effect on activity. With increasing concentrations of AA, more
response was seen in the dHb, and the temporal differencebetween activation of the dorsal and ventral habenulae
decreased (Figures 3A–3F).
The percentage of cells activated by 1mMAAmix in the vHb
was comparable to those activated by 1 mM GCDA but was
smaller in the dHb (Figure 3G), whereas the percentage of
inhibited cells was similar between the two odors (Figure 3H).
In contrast to GCDA, however, there was a posterior-medially
located subpopulation of neurons in dHb that did not substan-
tially respond to the AA mix (Figures 3B–3E, S3G, and S3H).
Using the expression of Tg(narp:GAL4,UAS:DsRed) and
Tg(brn3a:eGFP) (markers of dHbL and dHbM, respectively
[12]; Figures S3A and S3B) as a guide, wemade a conservative
division of the segmented cells in the dHb, which suggests that
this subpopulation of neurons corresponds to a portion of
dHbM (Figure 3E).
To further evaluate the odor response patterns, fish were
exposed to stimuli with other chemical features: another AA
(cysteine), a diamine (cadaverine), and a polysaccharide
(chondroitin sulfate). Cadaverine and chondroitin sulphate,
both of which activate the mediodorsal bulb (Figure S3C
[22]), activated the whole habenula in a manner similar to
GCDA, whereas cysteine activity was similar to that evoked
by the AAmix (Figures S3D–S3I). We analyzed the tuning prop-
erties of habenula neurons when the same fishwas exposed to
multiple odors. For this purpose, we used local averaging of
activity in neighboring cells and determined the correlation
between activity patterns of two different odors. If all ten
odor pairs were considered, then the local correlation was
lower in the vHb than in the dHb (Figures 3I, S3J, and S3K;
n = 6), indicating that neighboring cells in the vHb respond
differentially to the odors tested compared to dHb. Further-
more, odor-elicited activity patterns in vHb and dHb appeared
to be independent (Figure S3J). This and specific differences in
AA mix versus GCDA responses noted above suggest that
odor information processing in the dHb and vHb is functionally
dissimilar and may have different sources of input. Local
averaging in dHb showed even higher correlation only if the
odors activating the mediodorsal bulb were considered
(cadaverine, chondroitin sulfate, and GCDA; Figures 3I, S3J,
and S3K), suggesting that these odors likely activate the
same microcircuits in the dHb.
The Right Dorsal Habenula Influences Olfactory Behavior
To test whether the right dorsal habenula (rdHb) has a role in
olfactory behavior, we focused on GCDA and examined
responses of larval fish when odor was delivered from one
end of a chamber (Figure 4A). Bile acids and bile salts have
been reported to elicit orienting behavior, snapping, and
attraction in adult teleosts [24–26]. We characterized the
response of larval zebrafish to different concentrations of
GCDA (from 100 nM to 10 mM at the source) by (1) plotting a
heatmap of their location in the tank (Figure 4B), (2) quantifying
the duration in the vicinity of the odor source (Figure 4B, top
quadrant in green) and their position in the tank (median
distance from source) during odor delivery, or (3) measuring
time spent away from the odor source after delivery (Figure 4B,
bottom half in red) across all fish (n = 14 per concentration).
Larvae spent similar time near and away from the source
when 1 mM GCDA was delivered (Figures 4C and 4D; mean =
26.2%, 95% CI [21.3%, 31%] and mean = 50.2%, 95% CI
[42.4%, 58.1%], respectively) as when no odor was delivered
(mean = 23.9%, 95% CI [18.6%, 29.3%] and mean = 51.2%,
95% CI [46%, 56.4%], respectively). However, they spent
8.6% more time in the top quarter (Figure 4C; mean = 32.5%,
Figure 2. Habenula Activity Evoked by the Bile Salt GCDA
(A) Z scores of each labeled cell in the habenula in response to 10 s of exposure (vertical black lines) to 1 mMGCDA. Each row represents one cell. Horizontal
white lines separate focal planes. Cells are organized from least to most active in each plane.
(legend continued on next page)
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Figure 3. Habenula Response to Other Odors
(A) Activity in the habenula in response to a 10 s
delivery (vertical black bars) of AA mix concentra-
tions and 1 mM GCDA. Cells are organized from
least to most active within each plane for each
odor stimulus.
(B–E) 3D representation of the activity in (A), with
cells filled according to onset time of evoked acti-
vity by different concentrations of AA mix and
GCDA, as indicated by the color bar. In (E), outlines
of cells are colored according to their location in
the habenula subdomains.
(F) Distribution of the average onset time of evoked
activity for different AA mix concentrations in the
dHb and vHb cells (n = 3 fish).
(G and H) Distribution of the number of cells in the
different habenula subdomains (n = 12) that show
increase (G) and decrease (H) in fluorescence
following onset of GCDA (blue dots) or AA mix
(red dots). Each dot represents one fish, and the
gray line connects results from the same fish.
The black dot represents mean number of cells.
(I) Correlation matrix between locally averaged
activity patterns evoked by the different odors,
averaged over six fish. p value indicated was
calculated by comparing mean correlation of all odor pairs in the dHb and vHb across all animals. LA, 1 mM lysine plus alanine; CYS, 1 mM cysteine;
GCDA, 1 mM glycochenodeoxycholic acid; CS, 1 mg/ml chondroitin sulfate; CD, 10 mM cadaverine.
dHb, dorsal habenula; dHbM, medial subnucleus of dorsal habenula; dHbL, lateral subnucleus of dorsal habenula; vHb, ventral habenula. Error bars show
95% CI. Statistically significant pairs are denoted by p values defined using an unpaired t test. See Figure S3.
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117195% CI [28.5%, 36.5%], p = 0.01) when 100 mM GCDA was
delivered. Unexpectedly, at even higher concentrations
(10 mM), less time was spent in the top quarter (mean =
17.1%, 95% CI [12.1%, 22.2%], p = 0.04). This was accompa-
nied by an increase in the time spent away from the odor
source after odor delivery (Figure 4D; mean = 61.3%, 95% CI
[55.7%, 66.9%], p = 0.01). In addition, compared to no odor
controls (mean = 43.7 mm, 95% CI [39.0, 48.5]), their position
shifted toward the odor source by 4.76 mm for 100 mM
GCDA (Figure 4E; mean = 38.0 mm, 95% CI [33.2, 42.8], p =
0.05) and away from the odor source by 4.65 mm for 10 mM
GCDA (Figure 4E; mean = 50.7 mm, 95% CI [46.1, 55.2], p =
0.02), respectively. These results suggest that larval fish are
most attracted to intermediate concentrations of GCDA and
avoid higher concentrations.
We hypothesized that high activity in the rdHb triggered by
GCDA (Figures 2G and S2F) might result in the avoidance
behavior. To test this, the medial portion of rdHb that receives(B) 3D representation of cells in (A) represented by a yellow circle centered on t
mean). Active cells are broadly distributed in the right dHb, in both medial and
(C–E) Comparison of right and left habenula responses (n = 5 fish) to 1 mMGCDA
number of cells imaged) (C), distribution of mean peak intensity (D), and mean
(F) Response in the right habenula to different concentrations of GCDA presen
(G and G0) Fluorescence before deconvolution, with the black horizontal line re
calcium signals by temporal deconvolution (bottom trace) in one cell, for GCDA
have been smoothed by taking a moving average of 20 points (or 0.6 s at 33 Hz
indicate inhibition of firing (G0).
(H–J) 3D representation of the cells in (F), with cells filled according to the time
distribution, compared to (B), reflect variation of transgene expression and ha
(K) The projection of the activity of right habenula cells in (F), using PCA, in the s
concentration of GCDA. The thick segments represent 30 s of baseline activity
after stimulus delivery. The arrowheads indicate the direction in which odor pr
odor offset.
(L and M) Distribution of the percentage of cells in the dHb and vHb that show
following onset of different GCDA concentrations (n = 3).
(N–P) Distribution of the average onset time (N), duration (O), and peak intensi
z, Z score; dHb, dorsal habenula; vHb, ventral habenula. Error bars show 95%
unpaired t test. See Figure S2.mitral cell innervation and is activated by GCDA (Figure 3E)
was lesioned using a femtosecond pulsed laser (Figures S4A
and S4B). The dorsal neuropil and a blood vessel in that region
were used as guides to standardize lesions across animals. In
some animals, the extent of lesioning was monitored using
propidium iodide, which only enters dying cells. Label was
observed only at the lesion site (Figures 5A and 5B). Addition-
ally, when examined 30 min after delivery of the laser pulses,
only cells in the vicinity of the lesion had higher fluorescence
or nuclear label with GCaMP3, unlike cells located contralater-
ally or in the lateral regions of the same habenula (Figure S4C).
Furthermore, odor-evoked responses were still detectable
in the dorsolateral and ventral regions after lesioning (Fig-
ure S4D). These observations indicated that laser-induced
damage was spatially restricted.
Normal motor responses, including swim speed, were unaf-
fected in lesioned fish (Figure S4E). However, avoidance
exhibited to 10 mM GCDA was attenuated in lesioned fishhe centroid of a segmented ROI. Filled cells indicate active cells (2 SD above
lateral subdomains, and bilaterally in the vHb.
, showing percentage of active cells (number of responsive cells out of total
duration of evoked activity (E).
ted for 10 s (vertical black lines).
presenting a Z score of 0 (top trace), and inferred probability of spiking from
concentrations from 100 nM to 10 mM, recorded at 33 Hz. For clarity, traces
sampling rate). Calcium traces with negative Z scores following odor onset
of onset of evoked activity, as indicated by the color bar. Differences in cell
benula shape. Black dashed line separates dHb and vHb cells.
pace of the first three principal components. Each trace represents a single
before odor exposure. The thin segments of the trajectories represent time
esentation drives the neural state. Points labeled 1, 2, and 3 indicate time of
increase (Z score > 2) (L) and decrease (Z score < 22) (M) in fluorescence
ty of evoked activity (P) in the dHb and vHb cells (n = 3).
CI. Statistically significant pairs are denoted by p values defined using an
Figure 4. Odor-Concentration-Dependent Behav-
ioral Response of Zebrafish Larvae
(A) The chamber used to test response of larvae to
odors.
(B–D) Heatmaps showing average time spent
across all fish per group (n = 14 per group) for
2 min after introduction of different concentrations
of GCDA. The maximum intensity on the color bar
indicates 4 s of time spent at the pixel location.
Green and red boxes indicate the top quadrant
and bottom half used for quantifying attraction
and avoidance in (C) and (D), respectively. Distribu-
tion and mean percentage of time spent in the top
quadrant during odor delivery (C) and the bottom
half of the tank after odor delivery (D). Grey dotted
line indicates the time fish spent in this zone in the
absence of odor.
(E) Schematic showing position in the tank (median
distance from source, in mm) during odor delivery,
averagedacrossall fish inagroup (n=14pergroup).
p values indicate concentration of GCDA at which
there is a significant difference from no odor con-
trols (unpaired t test). Error bars show 95% CI.
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source by 7.6 mm compared to unlesioned fish (Figure 5D;
mean = 39.7 mm, 95% CI [35.1, 44.4], p = 0.001). This implies
that the olfactory avoidance observed in this assay involves
habenula neurons affected by the lesion.
Nicotinic Acetylcholine Receptor Signaling Regulates
Response to GCDA
The rdHb signals to the IPN via nicotinic acetylcholine recep-
tors (nAChRs). We tested whether these receptors are
involved inGCDA-evoked behavior by using the blockermeca-
mylamine. When treated with 10 mM mecamylamine, fish did
not show an avoidance to 10 mM GCDA (Figure 5E; mean =
28.9%, 95% CI [22.8%, 35%], p = 0.003), in contrast to un-
treated animals. The response to 100 mM GCDA in the pres-
ence of the nAChR blocker did not change significantly
(Figure 5E; mean = 30.3%, 95% CI [22.4%, 38.2%], p = 0.3).
Therefore, activity of nicotinic receptors is not essential to
exhibit attraction to GCDA per se, but it is required to exhibit
avoidance to high concentration of GCDA.
We next asked whether increasing nicotinic signaling could
influence the olfactory behavior of fish. To perform this exper-
iment, we first identified nicotine concentration suitable for
such an assay by observing larval preference for nicotine.This was done in a second chamber
with two distinct zones, such that fish
could swim to these zones via a third
neutral zone (Figure S4G). The chamber
design allowed for stimulus to be
restricted and maintained throughout
the duration of the assay in a zone (Movie
S1), enabling observation of preference
behavior when there is a choice (e.g.,
nicotine or E3). Compared to controls,
when both zones received E3, fish dis-
played greater preference to the zone
where 1 mM nicotine was delivered (Fig-
ures 5G and S4H; mean = 25.3%, 95%
CI [16.8%, 33.8%], n = 10 per group, p =
0.01), but not to a 10-fold lower or
higher concentration. In mammals, acuteexposure to nicotine increases tonic-firing frequency in the
vMHb neurons (the dHbM homolog [13]) and activates the in-
terpeduncular nucleus [9]. In zebrafish larvae, bath exposure
to 1 mM nicotine caused an increase in the overall activity in
the IPN (Figures 5H and S4F; n = 3, p = 0.02). Acute exposure
to 1 mM nicotine also increased the physiological response of
medial region of rdHb (corresponding to dHbM location) to
GCDA (Figures 5I and 5J; n = 3, p = 0.01).
Based on this result, we hypothesized that if nicotine and
GCDA acted in the same pathway, they would act synergisti-
cally. To evaluate this hypothesis, we tested the responses
of fish when 100 mM GCDA was delivered in the presence of
1 mM nicotine. In this case, fish were no longer attracted to
the previously attractive cue (Figure 5F; mean = 21.5%, 95%
CI [11.4%, 31.6%], p = 0.03). Importantly, in line with the
hypothesis that the two cues synergized through the rdHb,
attraction to 100 mMGCDA was restored and was comparable
to theno-nicotine condition if the rdHbwas lesioned (Figure 5F;
mean = 35.2%, 95% CI [26.5%, 43.9%], p = 0.3).
These results demonstrate that nicotine and GCDA syner-
gize via the rdHb. Because lesions are restricted to dHb and
because only dHbM, but not dHbL, is responsive to nicotine
[12], these results also suggest that nicotine acts in this assay
mainly by increasing activity in the dHbM-IPN pathway and that
Figure 5. Activity in dHbM-IPN Pathway Limits
Attraction to a Bile Salt
(A and B) Bright-field (A) and fluorescence (B)
confocal images of a single plane of a fish in which
propidium iodide (PI; red) had been injected into
the brain following lesioning with a femtosecond
laser. PI uptake is restricted to site of lesion (red
arrow) in themedial region of the right dorsal habe-
nula.
(C) Heatmaps showing average time spent across
all fish per group for 2 min after introduction of
10 mM GCDA in control or lesioned fish. The
maximum intensity on the color bar indicates 4 s
of time spent at the pixel location.
(D) Schematic showing position in the tank
(median distance from source, in mm) during
odor delivery, averaged across all fish in (C) (n =
14 per group).
(E–G) Distribution and mean percentage of time
spent by larvae in the top quadrant in the first
2 min after initiation of odor delivery and in the
nicotine zone in a choice chamber after nicotine
delivery (G). When pretreated with 10 mM meca-
mylamine, larvae show attenuation of avoidance
to 10 mM GCDA and no change in attraction to
100 mM GCDA (E). In the presence of nicotine,
larvae show reduced attraction to 100 mM
GCDA, but not when the right dHb is lesioned
(F). p values indicate paired t test between condi-
tions (n = 14 fish per group). Larvae are attracted
to 1 mM nicotine, but not to 10-fold lower or higher
concentrations (n = 10 fish per group) (G). Gray
lines in (E)–(G) indicate the time fish spent in these
zones in the absence of odor. The p value in (G)
indicates a significant increase from the 9.6%
time spent in this zone for no odor controls (un-
paired t test).
(H) Mean Z score of fluorescence in the IPN before
and after 10 min exposure to 1 mM nicotine in three
NBT:GCaMP3 fish.
(I) Ratio image (F/F0) in a 13-day-postfertilization
NBT:GCaMP3 fish showing a single focal plane
that captures activity evoked in response to
100 mMGCDA in the dHb before (left) or after (right)
10 min exposure to nicotine. The right dHb ex-
presses GCaMP3, and the rest of the habenula is outlined by a white dotted line. The color bar shows the lookup table used, which ranges from a ratio
of 0 to 2.5.
(J) Mean Z score of the dHbM region outlined in magenta in (I) before and after 10 min nicotine exposure (n = 3 fish).
A, anterior; P, posterior; RdHb, right dorsal habenula; LdHb, left dorsal habenula. p values in (H) and (J) were derived by paired t test. Error bars show 95%CI.
Scale bars of (A), (B), and (I) represent 20 mm. See Figure S4.
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mote avoidance.
Discussion
We have used a combination of calcium imaging at single-cell
resolution and behavioral assays to study the function of the
rdHb in olfactory processing in zebrafish. Imaging results
indicate that olfactory cues change habenula activity in a
manner dependent on identity and concentration. Pharma-
cological manipulations suggest that signaling via nAChRs is
involved in behavioral responses to GCDA, whereas lesioning
experiments implicate the rdHb. We thus propose that the
dHbM-IPN pathway affects attraction to specific odors in the
zebrafish.
Animals are capable of maintaining an invariant percept at
multiple concentrations of an odor [27], enabling its identifi-
cation despite fluctuations. However, several examples of
behavioral alteration depending on odor concentration areknown [28, 29]. In Caenorhabditis elegans, different sensory
neurons are activated at lower and higher concentrations of
the same odor tomediate attraction and aversion, respectively
[29]. In Drosophila melanogaster, low concentration of CO2
can be tolerated, whereas higher concentrations elicit robust
aversion because of recruitment and activation of distinct
circuits [30, 31]. Our results suggest that activity in the rdHb,
specifically through the dHbM-IPN pathway, is a central mech-
anism that modulates odor-evoked behavior in the zebrafish.
The dHbM-IPN pathway has twomodes of information trans-
fer. At low levels of activity, there is a ‘‘wired’’ mode mediated
by ionotropic glutamate receptors, whereas at higher levels
‘‘volume’’ transmission mediated by nAChRs occurs [12, 32].
Increasing activation of the IPN, which is largely GABAergic
[33], could lead to increasing inhibition of the raphe and hence
result in larger negative reward [34]. There would thus be
distinct behavioral responses when the dHbM is activated
weakly (e.g., during spontaneous firing) or strongly. Nicotine,
which is reinforcing due to its action upon the brain reward
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1174circuits, is also aversive on initial exposure or at high concen-
trations [35]. This aversion is mediated in part through the
action of a5 and b4 nAChR in the MHb-IPN pathway [13, 14].
A natural function of activation of nAChRs in the MHb-IPN
pathway (dHbM-IPN in fish) may thus be to mediate avoidance
of noxious stimuli. In the context of GCDA, this pathway is
likely to act in conjunction with other circuits to shape
behavior. Reward circuits may dominate at intermediate con-
centrations, whereas the rdHb may be more influential at
high concentrations and may cause aversion.
Odors evoke both excitation and inhibition throughout the
habenula in zebrafish, including the vHb, suggesting signaling
via inputs other than the direct innervation to rdHb. For
example, odors activating the ventral olfactory bulb, which
does not directly innervate the habenula, trigger a rise of fluo-
rescence in the vHb. At present, there is no evidence of an
input from secondary olfactory centers, such as the olfactory
cortex (Dp) and subpallium (Vv), to the habenula. Habenula
activity may therefore derive from an indirect input via the
entopeduncular nucleus and/or posterior septum, which may
convey context or value information, in addition to the direct
input from the olfactory bulb.
The spatiotemporal kinetics of activity in the habenula is
dependent on the concentration and identity of the odor. As
neurons from dHbM, dHbL, and vHb subunits innervate the
ventral IPN, dorsal IPN, and median raphe, respectively [19],
the pattern of microcircuits engaged by an odor will affect
the release of downstream neuromodulators and overall
behavior. The habenula in fish thus appears to act as a com-
plex olfactory processing unit that not only plays a role in
ongoing behavioral action selection but may also regulate
emotional state and state-dependent learning.
Experimental Procedures
Imaging
Experiments were carried out with the approval of the Institutional Animal
Care and Use Committee of the Biological Resource Centre at A*Star
(#120730). Fish were imaged with a 403 water immersion objective (0.75
NA) on a Zeiss Examiner microscope. Images were collected using a
Photometrics 512 Evolve camera controlled by MetaMorph. A microperfu-
sion system (SmartSquirt; Automate) was used to deliver odors. In the
absence of any odor, a small amount of activity was detected in the habe-
nula when valves were switched (Figures S2A–S2C). However, this activity
was seen in fewer cells and lasted a shorter time than odor-evoked activity.
Analysis of Imaging Data
The data here are based on imaging of 60 fish and analysis of around 13,000
cells. 3D blind deconvolution (AutoDeblur imaging) was carried out prior to
segmentation. Segmentation and analysis were carried out using custom-
written software in MATLAB (Mathworks). Example DF/F traces shown in
Figure 1L were created by subtracting and then dividing each time series
by the mean of the total fluorescence during the baseline period, defined
as the 10 s period preceding odor delivery. For all further analysis, we calcu-
lated Z scores by subtracting the mean and then dividing by the SD of the
total fluorescence during the baseline period.
A cell was considered significantly responsive to an odor if the peak
Z score after its response onset was at least 2, i.e., if the signal was at least
2 SD above the baseline mean. Similarly, a cell was considered inhibited if
the peak Z score after its response onset was less than 22.
All data are presented as mean plus 95% CI [lower bound, upper bound]
unless stated otherwise.
Behavior
Rectangular chambers with internal dimensions of 76 mm 3 32 mm 3
30mm (L3W3H) were built using 3mmPerspex. For the two-choice assay
chamber, two zones were created by inserting a partition (30 mm3 2 mm3
25 mm [L3W3 H]) at one end of the rectangular chamber. Stimulus zoneswere created by delivery of stimuli and fish water E3 from opposite ends and
by continuous suction.
Behavior Analysis
Fish were tracked in real time using Control and Real-Time Imaging Tool for
Tracking Animals (CRITTA), custom software written in LabVIEW. Tracking
data from CRITTA were analyzed offline using custom MATLAB code. Pair-
wise or unpaired t tests were used for statistical analysis.
Additional details are provided in the Supplemental Experimental
Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, four figures, and one movie and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.03.073.
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